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SAMHD1 is a viral restriction factor expressed in dendritic cells and other cells, inhibiting infection by cell-free human immu-
nodeficiency virus type 1 (HIV-1) particles. SAMHD1 depletes the intracellular pool of deoxynucleoside triphosphates, thus im-
pairing HIV-1 reverse transcription and productive infection in noncycling cells. The Vpx protein from HIV-2 or simian immu-
nodeficiency virus (SIVsm/SIVmac) antagonizes the effect of SAMHD1 by triggering its degradation. A large part of HIV-1
spread occurs through direct contacts between infected cells and bystander target cells. Here, we asked whether SAMHD1 im-
pairs direct HIV-1 transmission from infected T lymphocytes to monocyte-derived dendritic cells (MDDCs). HIV-1-infected
lymphocytes were cocultivated with MDDCs that have been pretreated or not with Vpx or with small interfering RNA against
SAMHD1. We show that in the cocultures, SAMHD1 significantly inhibits productive cell-to-cell transmission to target MDDCs
and prevents the type I interferon response and expression of the interferon-stimulated gene MxA. Therefore, SAMHD1, by con-
trolling the sensitivity of MDDCs to HIV-1 infection during intercellular contacts, impacts their ability to sense the virus and to
trigger an innate immune response.

Dendritic cells (DCs) are professional antigen-presenting cells
linking innate and adaptive immune responses. DCs gener-

ally recognize pathogens in the periphery and then mature and
migrate to lymphoid tissues to elicit a response. This process in-
volves expression of costimulatory molecules and production of
type I interferons (IFNs) and cytokines. IFN secretion induces
numerous interferon-stimulated genes (ISGs) that help control
viral replication and activates immunity (1).

Viruses use multiple mechanisms to avoid innate sensing, cy-
tokine production, antiviral activity of ISGs, and restriction fac-
tors (1–3). For HIV-1, the proteins Vif and Vpu counteract the
effects of the restriction factors APOBEC and tetherin. APOBEC
proteins induce G-to-A hypermutations in the nascent viral DNA
during reverse transcription, while tetherin blocks viral release
(2). Other primate lentiviruses (human immunodeficiency virus
type 2 [HIV-2] and simian immunodeficiency virus [SIV]) pos-
sess an additional protein, Vpx, whose function has recently been
deciphered (4–8). Vpx facilitates replication of HIV-2 and some
SIV in myeloid cells but is dispensable in cycling lymphocytes (4).
Vpx triggers the destruction of an early-acting restriction factor
and promotes synthesis of viral DNA in nondividing cells (6). This
restriction factor is active against not only HIV-2 and SIV but also
retroviruses like HIV-1 that lack Vpx.

Monocyte-derived DCs (MDDCs) express receptors allowing
HIV-1 capture and entry and efficiently transmit the virus to ac-
tivated CD4� T cells but are poorly sensitive to productive HIV-1
infection. However, intracellular delivery of Vpx to MDDCs,
through treatment with nonreplicative SIV particles carrying Vpx,
dramatically enhances HIV-1 infection (6, 9). Vpx acts by induc-
ing the nuclear degradation of SAMHD1, a cellular protein found
in various cell types, including myeloid cells (5, 7, 10, 11) and
CD4� T lymphocytes (12–15). SAMHD1 is a deoxynucleoside
triphosphohydrolase that cleaves deoxynucleotide triphosphates
(dNTPs) (16, 17). SAMHD1 is primarily localized in the nucleus
and depletes the pool of intracellular nucleotides in noncycling
cells (11, 18). In myeloid cells, in the presence of SAMHD1, the
low levels of dNTPs are not sufficient to allow potent and rapid

HIV-1 replication, but minimal viral growth can be achieved (11,
18). SAMHD1 also restricts HIV-1 reverse transcription in quies-
cent CD4� T cells (12–15). Before being identified as an anti-
HIV-1 restriction factor, SAMHD1 was reported to be deficient in
individuals with Aircaidi-Goutières syndrome (AGS), an autoim-
mune disease mimicking signs of congenital viral infection with
spontaneous production of type I IFNs (19). Monocytes from
AGS patients with mutated SAMHD1 are sensitive to HIV-1 (20).

The low sensitivity of MDDCs to productive HIV-1 infection
has important consequences on virus sensing and type I IFN pro-
duction by these cells. In the presence of Vpx, HIV-1-infected
MDDCs readily mature and release type I IFN, revealing a cryptic
mechanism of HIV-1 recognition (20–22). Similarly, an HIV-1
strain modified to package SIV Vpx efficiently replicates in
MDDCs and induces a potent type I IFN response (23). These
observations raised the hypothesis that SAMHD1, in addition to
impairing HIV-1 replication, may also influence the triggering of
an immune response in myeloid MDDCs.

Most, if not all, of the studies regarding the sensitivity of
MDDCs to HIV-1 and the impact of SAMHD1 have been per-
formed using cell-free virions (7, 21). However, HIV-1 replication
occurs efficiently through cell-to-cell contacts (24–26). In lym-
phocytes, these contacts lead to the formation of virological syn-
apses, which are cohesive supramolecular structures allowing
rapid transfer of budding viruses to new target cells. The passage of
HIV-1 occurs between lymphocytes but also between other cell
types. The virus is efficiently transmitted from infected macro-
phages to T cells, across transient adhesive contacts (27). MDDCs
capture cell-free virions and transmit the virus to CD4� T cells, a
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phenomenon improved by DC maturation (28, 29). HIV-1
spreads from virus-containing MDDCs that are not necessarily
productively infected to T cells via a so-called infectious synapse
(30–32). Much less is known about the ability of infected lympho-
cytes to propagate the infection to MDDCs. HIV-1-infected lym-
phocytes form abnormal immunological synapses with antigen-
presenting cells (33–35), likely altering the function and fate of
lymphocytes. Contacts between infected T cells and MDDCs in-
duce effective viral capture (28), but subsequent events leading to
productive infection of MDDCs have not been thoroughly char-
acterized.

From the standpoint of innate immunity, HIV-1-infected cells
are more potent inducers of type I IFN than virions. For example,
plasmacytoid dendritic cells (pDCs) rapidly detect HIV-1-in-
fected cells, mainly through Toll-like receptor 7 (TLR7), leading
to type I IFN secretion (36). How MDDCs react and produce IFN
when they encounter infected lymphocytes is less well defined.

Here, we asked whether HIV-1 can be transmitted from in-
fected lymphocytes to cocultivated MDDCs and examined the
effect of SAMHD1 on viral transmission and triggering of the type
I IFN response.

MATERIALS AND METHODS
Cells, viruses, and reagents. Buffy coats from human healthy donors were
obtained from the Etablissment Français du Sang. Monocytes were iso-
lated using a CD14� selection kit (Miltenyi Biotech). MDDCs were gen-
erated by culturing monocytes with 50 ng ml�1 interleukin-4 (IL-4) and
10 ng ml�1 granulocyte-macrophage colony-stimulating factor for 5 days.
Purified CD4� T cells were stimulated with phytohemagglutinin (1 �g
ml�1) for 24 h and cultured with IL-2 (50 U ml�1). MT4 cells and cells of
the HL116 cell line were grown as described previously (36).

NL4-3 and NLAD8 HIV-1 strains and the primary isolate 132W (37)
were produced in MT4 cells. Vesicular stomatitis virus G glycoprotein
(VSV-G)-pseudotyped viruses and green fluorescent protein (GFP)-ex-
pressing lentiviral particles (LV-GFPs) were generated as described previ-
ously (38). SIV type 3 (SIV-3)-positive wild-type and the �Vpx plasmids
(a kind gift from Monsef Benkirane) were used to produce virion-like
particles (VLPs) as described previously (7, 39). Influenza virus A
(FLUAV; A/PR/8/34) was from Charles River Laboratories and used at 10
hemagglutination units (HAU) ml�1, unless otherwise specified. The re-
verse transcriptase inhibitor nevirapine (NVP) (used at a final concentra-
tion of 6.25 �g ml�1) and the integrase inhibitor raltegravir (used at a final
concentration of 1 �M ml�1) were from the NIH AIDS Reagents Pro-
gram.

siRNA transfection. A pool of small interfering RNA (siRNA) against
SAMHD1 (L-013950-01; Dharmacon) and, as a negative control, siRNA
against dynamin-2 (control siRNA [siCTR]; L-004007-00; Dharmacon)
were used. MDDCs (5 � 105) were transfected with 100 nM siRNA using
the HiPerFect reagent (Qiagen) in 12-well plates, with two rounds of
transfection as described previously (7). SAMHD1 silencing was assessed
by flow cytometry and immunoblotting 24 h later. At that time, MDDCs
were transduced with LV-GFPs (100 ng ml�1). Two days after transduc-
tion, the level of GFP-expressing cells was checked by flow cytometry.

Infection of MDDCs with cell-free HIV-1 or by coculture with in-
fected T cells. MDDCs were seeded in flat-bottomed 96-well plates at 1 �
106 MDDCs per well. MT4 or primary CD4� T cells were infected with
HIV(VSV) 2 days before the start of the coculture. Donor T cells were
stained with 5-chloromethylfluorescein diacetate (CMFDA; Invitrogen)
as described previously (36). MT4 and CD4� T cells were then coculti-
vated with MDDCs at a 1:2 ratio (T cells/MDDCs). Noninfected T cells
were used as negative controls. Cocultures were performed for 48, 72, or
96 h. Cell-free NL4-3, NLAD8, and 132W virions and HIV(VSV) pseu-
dotypes were used at 100 ng ml�1 of p24. When stated, VLPs were added

to MDDCs 2 h before HIV-1 infection and maintained during the exper-
iment. Shaking and transwell experiments were performed as described
previously (26).

Immunoblotting. Lysates from MDDCs were analyzed for expression
of SAMHD1 and �-actin as described previously (7). The polyclonal anti-
SAMHD1 antibody (Abcam) and the monoclonal anti-�-actin (clone
AC-15; Sigma) were used at 1/5,000.

Flow cytometry. To stain SAMHD1, a nuclear protein, MDDCs were
fixed with phosphonoformic acid (4%) for 10 min, followed by permea-
bilization with phosphate-buffered saline–azide and Triton X-100 0.5%
for 20 min. Cells were stained either with the mouse monoclonal IgG1
anti-SAMHD1 antibody (clone I19-18) coupled with Alexa 488 or with a
rabbit polyclonal anti-SAMHD1 (12586-1-AP; Proteintech) for 20 min at
room temperature. I19-18 antibody was generated by the Institut Pasteur
antibody production core facility, using a recombinant SAMHD1– gluta-
thione S-transferase protein as an antigen. It was selected for its ability to
recognize SAMHD1 in Western blot and flow cytometry assays. Double
Gag and MxA stainings were performed with the Gag KC57 (Beckman
and Coulter) and MxA (clone MN143, provided by Otto Haller) antibod-
ies as described previously (36). The anti-nucleoprotein (anti-NP)
FLUAV monoclonal antibody (ATCC HB-65) was used to monitor infec-
tion of MDDCs by flow cytometry. Samples were analyzed with a Canto II
fluorescence-activated cell sorter from Becton, Dickinson.

Measurement of IFN release. Type I IFN secretion was quantified
using a reporter cell line, HL116, that carries the luciferase gene under the
control of the IFN-inducible 6-16 promoter, as described previously (36).
IFN levels are expressed as the equivalent of the alpha 2a IFN (IFN-�2a)
concentration (in picomolar).

Statistical analysis. Statistical analysis was performed using the Wil-
coxon matched-pairs test, except for the assays whose results are pre-
sented in Fig. 2D and 4D (Mann-Whitney test) and Fig. 2E (unpaired t
test).

RESULTS
Vpx enhances HIV-1 transmission from T cells to MDDCs. We
asked whether preincubation of MDDCs with VLPs enhances
their sensitivity to infection via HIV-1-infected cells, as is the case
of cell-free HIV-1 infection. Exposure of MDDCs to VLPs
strongly reduced the levels of SAMHD1, as observed by flow cy-
tometry and Western blotting (Fig. 1A). Depending on the do-
nors, 80 to 100% of the DC population displayed low to undetect-
able levels of SAMHD1 (Fig. 1 and not shown). As expected, the
VLPs dramatically increased the efficiency of MDDC transduction
with a GFP-encoding lentiviral vector (LV-GFP) (mean, 16-fold
increase of GFP-positive [Gag�] cells with five independent do-
nors) (Fig. 1B).

We then evaluated the effect of Vpx on MDDC infection by
cell-free HIV-1. MDDCs were incubated for 2 h with or without
VLPs before exposure to HIV(VSV), a VSV-pseudotyped HIV-1.
The extent of infection was measured by flow cytometry, at 48 and
72 h postinfection, by performing double HIV-1 Gag and
SAMHD1 staining (Fig. 1C). The results of one representative
experiment are shown Fig. 1C, and the mean values obtained with
eight independent donors are shown in Fig. 1D. Without VLPs,
the efficiency of infection was low, with 5 and 10% of cells being
Gag� at 48 and 72 h, respectively. The Gag signal corresponded to
newly synthesized viral proteins, since it was no longer detected
when MDDCs were treated with the reverse transcriptase inhibi-
tor NVP (Fig. 1D). As previously reported (7), VLPs strongly in-
creased the number of infected cells (Fig. 1C and D). Interestingly,
the Gag-expressing cells were mostly found within the SAMHD1-
low population (Fig. 1C), confirming that SAMHD1 prevents ef-
ficient HIV-1 infection in MDDCs.
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We next asked whether HIV-1 cell-to-cell transmission to
MDDCs could overcome the antiviral effect of SAMHD1. We set
up a coculture system, in which HIV-1-infected T cells are mixed
with target MDDCs (Fig. 2A). We used a T cell line (MT4) or
autologous primary CD4� T cells as donors. The T cells were
infected 2 days before the coculture, in order to get a significant
proportion of HIV-1-producing cells. HIV-infected T cells were
stained with the CMFDA tracker before coculture, to distinguish
donor and target cells. MDDCs were incubated or not with VLPs 2
h before addition of donor cells. Infection of MDDCs was mea-
sured at 48 and 72 h postcoculture by double Gag and SAMHD1
staining (Fig. 2B and C). In this coculture system, in the absence of
Vpx (�VLP), MDDCs were poorly sensitive to infection. One
experiment and the mean values of independent experiments with
9 donors are shown in Fig. 2B. Even though MT4 cells were highly
infected at the beginning of the coculture (40 to 80% of Gag� cells;
not shown), only 8 and 12% of MDDCs became infected at 48 and
72 h, respectively (Fig. 2B). The Gag signal in MDDCs was signif-
icantly reduced in the presence of NVP, indicating that it mostly
corresponded to productive infection and not to capture of in-
coming viral material (Fig. 2B and C).

Interestingly, addition of VLPs to MDDCs decreased
SAMHD1 levels and significantly enhanced the appearance of
Gag-expressing MDDCs (Fig. 2B). Similar results were obtained
with HIV-1-infected primary autologous CD4� T cells (with 10 to
20% of Gag� cells; not shown) used as donors (Fig. 2C).

A large part of HIV-1-infected MT4 cells died during the co-
culture, as assessed by calculating the percentage of donor cells in
the coculture at 72 h (not shown). This death was likely due to a
viral cytopathic effect, since noninfected MT4 cells remained de-
tectable. Primary infected CD4� T cells, which are less prone to
HIV-1-induced cytopathic effects, at least during the 3 days of the
experiment, were still present in the coculture after 72 h (not
shown).

Noteworthy, VLPs devoid of Vpx (VLP�Vpx) did not down-
regulate SAMHD1 (not shown), nor did they enhance HIV-1 in-
fection (Fig. 2D), confirming that Vpx is required to mediate these
effects.

Numerous clusters of infected lymphocytes and MDDCs were
observed in the coculture (not shown). Moreover, the separation
of donor T cells and target MDDCs in transwell chambers or ap-
plication of a gentle and continuous shaking to the cocultures to

FIG 1 Vpx degrades SAMHD1 and enhances cell-free HIV-1 infection of MDDCs. (A) Levels of SAMHD1 expression in MDDCs treated or not with VLPs.
MDDCs were analyzed for SAMHD1 expression by flow cytometry (top) and Western blotting (bottom). Actin staining was used as a control of gel loading. The
anti-SAMHD1 monoclonal antibody I19-18 was used. Similar results were obtained with a rabbit polyclonal anti-SAMHD1 antibody (not shown). (B) Effect of
VLPs on MDDC sensitivity to lentiviral transduction. MDDCs were treated or not with VLPs for 2 h and transduced with LV-GFPs (100 ng ml�1 of p24). The
percentages of GFP-expressing cells were measured 48 h later. (Left) Results of one representative experiment; (right) mean of the results obtained with five
independent donors. Cells from each donor are represented by a different symbol. (C and D) Effect of VLPs on MDDC sensitivity to cell-free HIV-1 infection.
MDDCs were treated or not with VLPs for 2 h and infected with HIV(VSV) (100 ng ml�1 of p24). Levels of SAMHD1 and Gag were measured 48 or 72 h later.
(C) Results of one representative experiment at 48 h postinfection. Numbers represent the percentage of cells in each quadrant. NI, noninfected. (D) Quantifi-
cation of the percentage of Gag expression in cells from eight different donors after 48 and 72 h of infection. NVP was used to inhibit productive HIV-1 infection.
*, significant differences (P � 0.05, Wilcoxon matched-pairs test) between untreated and VLP-treated samples.
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avoid long contacts between cells (26) significantly decreased the
percentage of infected MDDCs (Fig. 2E), strongly suggesting that
most of the virus was transmitted through cell-to-cell contacts.

Altogether, these results show that HIV-1 cell-to-cell transmis-
sion to MDDCs is less efficient in the absence of Vpx, suggesting
that contacts with infected cells do not overcome HIV-1 restric-
tion in MDDCs.

Vpx induces sensing of HIV-1-infected T cells by MDDCs. In
contrast to pDCs (21, 36, 40), MDDCs do not produce detectable
levels of type I IFN when exposed to cell-free HIV-1. However, the
addition of Vpx in MDDCs, by allowing HIV-1 infection, pro-

motes IFN release (21). We previously reported that HIV-infected
T cells are much more potent inducers of type I IFN than free
virions in pDCs (36). We asked whether SAMHD1 might prevent
recognition of cell-free HIV-1 and HIV-1-infected T cells by
MDDCs.

We first examined the impact of VLPs on the sensing of virions.
MDDCs that were initially analyzed for their sensitivity to HIV-
(VSV) (Fig. 1D) were further stained for MxA, an interferon-stim-
ulated gene (36, 41). Flow cytometry indicated that MxA was
strongly induced by virions only in the presence of VLPs (Fig. 3A
and B). Expression of MxA was induced in both infected and

FIG 2 Vpx enhances HIV-1 transmission from T cells to MDDCs. (A) Representation of the experimental system. HIV-1-infected donor lymphocytes (either
MT4 or autologous CD4� T cells) were labeled with the cell tracker CMFDA and cocultured with target MDDCs preincubated or not with VLPs for 2 h. Coculture
was analyzed for Gag and SAMHD1 expression at 48 and 72 h. FACS, fluorescence-activated cell sorting. (B) Effect of VLPs on MDDC sensitivity to coculture
with HIV-infected MT4 cells. Results of one representative experiment (for the 48-h time point) are shown. Dot plots show the percentages of SAMHD1 and Gag
within target MDDCs. *, significant differences (P � 0.05). (C) Compilation of the percentage of Gag expression in cells from eight different donors after 48 and
72 h of infection. Cocultures were performed with MT4 cells (left) or primary CD4� T cells (right). NVP was used to inhibit productive HIV-1 transmission from
T cells to MDDCs. *, significant differences (P � 0.05, Wilcoxon matched-pairs test) between untreated and VLP-treated samples. (D) VLPs lacking Vpx do not
enhance sensitivity to HIV-1 infection. MDDCs were treated with VLPs carrying Vpx (VLP) or devoid of Vpx (VLP�Vpx) for 2 h or left untreated (�VLP).
MDDCs were then cocultivated with HIV-infected MT4 cells. Percentages of Gag-expressing MDDCs were measured at 72 h postinfection. The mean 	 SD of
at least 5 independent experiments is shown. *, significant differences (P � 0.05). (E) Analysis of viral transmission between HIV-1-infected MT4 cells and target
MDDCs. Cocultures of MT4 cells and MDDCs either were kept static (left) or were gently shaken to avoid long contacts (middle). Donor and target cells were
also placed in a transwell chamber (right) in which donor MT4 cells and recipient MDDCs were separated by a virus-permeable membrane. Percentages of
Gag-expressing MDDCs were measured at 72 h postinfection. The mean 	 SD of 3 independent experiments is shown. *, significant differences (P � 0.05).
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bystander MDDCs (Fig. 3A), demonstrating a paracrine effect.
Furthermore, MxA induction correlated with a release of type I
IFN in supernatants (Fig. 3B, right). NVP not only blocked HIV-1
infection but also prevented MxA expression and IFN release

(Fig. 3B). VLPs also increased infection of the X4 strain NL4-3, the
R5 strain NLAD8, and the primary dual-tropic 132W isolate
(Fig. 3C), indicating that the enhancing effect of Vpx is not limited
to VSV-pseudotyped viruses. These non-VSV-pseudotyped

FIG 3 Vpx induces sensing of cell-free HIV-1 in MDDCs. Effect of VLPs on the sensing of cell-free HIV-1 by MDDCs. Cells were treated or not with VLPs for 2 h and
infected with HIV(VSV) (100 ng ml�1 of p24), as described in the legend to Fig. 1. Levels of the interferon-stimulated protein MxA and Gag were quantified by flow
cytometry at 72 h. (A) FLUAV, a strong type I IFN inducer, was used as a positive control of MxA induction. (B) Compilation of the percentage of MDDCs expressing
MxA at 48 and 72 h after HIV(VSV) infection. Cells from eight independent donors were analyzed (left). Levels of type I IFN released in supernatants were also measured
(right). For each donor, the highest value of type I IFN secreted (at 48 h or 72 h) is shown. (C) MDDCs were treated with VLPs for 2 h (�VLP) or left untreated (�VLP).
MDDCs were then infected with various HIV-1 isolates: the X4 strain NL4-3, the dual-tropic primary isolate 132W (100 ng ml�1 of p24), and the R5 strain NLAD8 (300
ng ml�1 of p24). HIV-1 devoid of viral envelope glycoprotein (�Env; 100 ng ml�1 of p24) was used as a control of HIV-1 infection. Percentages of cells expressing Gag
(left) and MxA (middle) and levels of type I IFN released in the supernatant (right) were measured at 72 h postinfection. The mean	SD of two independent experiments
performed with two different donors is shown. (D) FLUAV sensing by MDDCs. Cells were treated or not with VLPs for 2 h and infected with FLUAV (10 HAU ml�1).
Levels of MxA and type I IFN released were measured at 48 h. VLPs did not enhance FLUAV detection, even when a suboptimal dose of FLUAV was used (not shown).
*, significant differences (P � 0.05, Wilcoxon matched-pairs test) between untreated and VLP-treated samples.
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HIV-1 isolates similarly triggered an IFN response, but only in the
presence of Vpx (Fig. 3C). Of note, cells from two out of eight
independent donors did not release detectable IFN in response to
cell-free HIV-1, even though VLPs enhanced infection. FLUAV, a
well-characterized IFN inducer, was used as a positive control. As
expected (42), FLUAV productively infected MDDCs, as assessed
by flow cytometry after staining with an anti-NP antibody (not
shown). FLUAV induced similar levels of MxA and type I IFN,
irrespective of Vpx (Fig. 3D).

We then determined how VLPs affected sensing of HIV-1-in-
fected T cells by MDDCs. Without VLPs, HIV-infected MT4 cells
did not trigger a potent immune response in MDDCs (Fig. 4A and
B). Addition of VLPs induced MxA expression in MDDCs and
IFN release in the cocultures (Fig. 4A and B). HIV-1-infected au-
tologous CD4� T cells also induced MxA and IFN in the presence
of VLPs (Fig. 4A and C); however, induction was at levels lower
than those for MT4 cells. For example, MxA was significantly up-
regulated at the 48-h time point with MT4 cells and only at 72 h
with primary lymphocytes. NVP inhibited infection of MDDCs
(Fig. 2) and sensing of infected T cells (Fig. 4). The integrase in-
hibitor raltegravir also inhibited productive infection of MDDCs
cultivated with infected MT4 cells and impaired MxA expression
in MDDCs (Fig. 4D).

Therefore, MDDCs do not spontaneously trigger an IFN re-
sponse when they encounter HIV-1-infected T cells. The addition
of Vpx overcomes restriction to HIV-1 infection and promotes
sensing of HIV-1-infected T cells.

SAMHD1 prevents HIV-1 transmission and reduces sensing
of HIV-1-infected T cells in MDDCs. To further study the role of
SAMHD1 in HIV-1 infection and sensing in MDDCs, we silenced
this protein with siRNA. As previously reported, transfection of
siRNA against SAMHD1 (and not that of a control siRNA, siCTR)
(7) induced SAMHD1 silencing, with 40 to 60% decreases in the
levels of the protein, depending on the donors, being observed by
flow cytometry and Western blotting (Fig. 5A). Thus, the silencing
procedure decreases SAMHD1 levels, but the degradation that it
induces is less potent than the degradation induced by Vpx (com-
pare Fig. 1A and 5A). As expected, in SAMHD1-silenced cells,
there was a strong increase of transduction with LV-GFPs
(Fig. 5B). Infection of MDDCs with free HIV(VSV) was also sig-
nificantly augmented (Fig. 5C and D). The MxA protein was in-
duced upon HIV-1 infection in SAMHD1-silenced cells (Fig. 5C
and D). MxA induction was significant but less marked than that
in VLP-exposed MDDCs (Fig. 3). We hypothesize that the resid-
ual levels of SAMHD1 may partly protect MDDCs against HIV-1
infection and sensing.

SAMHD1 silencing also facilitated infection of MDDCs cocul-
tivated with HIV-1-infected T cells (Fig. 6). A significant 2-fold
increase in the proportion of Gag� MDDCs was detected. Again,
this augmentation was less marked than that in VLP-exposed
MDDCs but was associated with viral sensing and expression of
the MxA protein in MDDCs (Fig. 6C).

We only occasionally detected type I IFN release in the super-
natants of SAMHD1-silenced MDDCs exposed to cell-free HIV-
(VSV) or cocultivated with HIV-infected lymphocytes (not
shown). This might be due to the relatively low MDDC concen-
tration in cultures after siRNA transfection, a procedure that can
be harmful for the cells.

MT4 cells are better HIV-1 transmitters and trigger a stronger
innate response than primary CD4� T cells in MDDCs (Fig. 2 and

4). We asked whether there is a correlation between the levels of
Gag and the induction of MxA in MDDCs. Plotting of these two
parameters, irrespective of any VLP treatment or any SAMHD1
silencing, demonstrated a correlation, with a threshold of innate
detection at about 20% of Gag-positive MDDCs (not shown).
This correlation was visible with both HIV-1 cell-free particles and
infected cells (not shown).

Therefore, siRNA transfection allows a partial but significant
reduction of SAMHD1 levels in MDDCs. SAMHD1-silenced cells
are more sensitive to infection by virions or by coculture with
infected lymphocytes. Moreover, in silenced cells, infection trig-
gers innate sensing of the virus, as assessed by MxA expression.
This phenomenon is more pronounced with HIV-1-infected T
cells than with free virions. High levels of productive infection in
MDDCs are required to induce sensing. Altogether, our results
highlight a role for SAMHD1 in controlling HIV-1 immune rec-
ognition by MDDCs.

DISCUSSION

Myeloid DCs are poorly permissive to infection by cell-free
HIV-1. In these noncycling cells, viral reverse transcription occurs
slowly and almost covertly (43), because of a limited availability of
intracellular dNTPs (11, 18). The recently identified deoxynucleo-
side triphosphohydrolase SAMHD1 cleaves dNTPs and thus acts
as an antiviral protein in MDDCs and other myeloid cells (11, 16).
We show here that MDDCs are to a large extent resistant to infec-
tion when they encounter HIV-1-infected cells. Mixing infected
lymphocytes with MDDCs led to a modest infection, with less
than 10% of MDDCs expressing Gag 2 or 3 days after the begin-
ning of the coculture. This restriction of infection is in large part
mediated by SAMHD1. SAMHD1 levels are not modified in
MDDCs cocultivated with infected lymphocytes. Moreover, addi-
tion of SIV particles carrying the lentiviral protein Vpx, which
degrades SAMHD1, or silencing of SAMHD1 with siRNAs signif-
icantly enhanced productive infection of MDDCs. Our results
strongly suggest that contacts with HIV-1-infected lymphocytes
do not affect SAMHD1 activity in MDDCs and thus do not lead to
an increase of the intracellular dNTP pool.

Direct intercellular transmission of HIV-1 is far more efficient
than infection with free virions (24, 26). The high multiplicity of
infection generated during the formation of virological synapses
may allow escape from antiviral immune responses and therapeu-
tics (37, 44). The antiviral activity of some restriction factors is
saturable. For instance, Trim5a, which targets incoming lentiviral
capsids, does not prevent cell-to-cell transmission (45). In con-
trast, tetherin, which sequesters budding virions at the cell surface,
inhibits this mode of viral spread (46, 47). Given that SAMHD1
degrades cellular dNTPs, it is not unexpected to observe that the
enzyme inhibits HIV-1 cell-to-cell transmission. Moreover,
SAMHD1 binds RNA, and this binding inhibits its enzymatic ac-
tivity (48, 49). Recent enzymatic analysis also showed that
SAMHD1 does not hydrolyze ribonucleoside triphosphates
(rNTPs) or single-stranded DNA, double-stranded DNA, or RNA
(16). These assays were carried out with a recombinant protein in
vitro and do not formally rule out the possibility that the enzyme
may target additional viral or cellular nucleic acids within the cell.
Furthermore, coculture of MDDCs with infected CD4� T cells
could have affected the expression or function of SAMHD1, but
our results demonstrate that this is not the case. It might have also
been conceivable that during coculture and viral cell-to-cell trans-
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mission, dNTPs carried over from T cells to MDDCs might have
overcome SAMHD1 restriction. Again, this is apparently not the
case. Altogether, our results show that SAMHD1, due to its orig-
inal mode of action, is not saturable and remains operative during
HIV-1 intercellular spread.

Silencing of SAMHD1 significantly relieved the block to HIV-1
intercellular transmission, although less efficiently than the addi-
tion of Vpx to MDDCs. This may be due to the incomplete silenc-
ing achieved by siRNA, which led to residual levels of SAMHD1. It
is also possible that Vpx exerts additional, SAMHD1-independent

FIG 4 Vpx induces sensing of HIV-1-infected T cells by MDDCs. Effect of VLPs on the sensing of HIV-1-infected lymphocytes by MDDCs. The latter were
treated or not with VLPs for 2 h and exposed to HIV-1-infected MT4 cells (left) or autologous CD4� T cells (right) as described in the legend to Fig. 2. Levels of
the interferon-stimulated protein MxA and Gag were quantified by flow cytometry at 48 and 72 h. (A) Results of representative experiments are shown. (B and
C) Compilation of the levels of MxA (left) and IFN (right) released in supernatants in MDDCs (from eight independent donors) cocultured with either
HIV-1-infected MT4 cells (B) or HIV-1-infected autologous CD4� T cells (C) for 48 and 72 h. NVP was used to inhibit productive HIV-1 transmission from T
cells to MDDCs. *, significant differences (P � 0.05, Wilcoxon matched-pairs test) between untreated and VLP-treated samples. (D) MDDCs were treated or not with
VLPs for 2 h and exposed to HIV-1-infected MT4 cells in the absence or presence of raltegravir (RAL; 1�M). Percentages of Gag and MxA expressing cells were quantified
by flow cytometry at 72 h on gated MDDCs. A compilation of the levels of Gag (left) and MxA (right) in 4 independent experiments is shown. *, P � 0.05.
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effects to facilitate infection (50). Vpx has been reported to bind
and partially counteract another cellular protein, APOBEC3A,
which may inhibit HIV-1 infection in myeloid cells (51, 52). It will
be of interest to assess whether SAMHD1 exerts its antiviral activ-
ity in coordination with other enzymes regulating the dNTP pool
or the metabolism of nucleic acids.

During chronic HIV infection, circulating myeloid DC num-
bers are reduced (53). Moreover, the frequency of infected MD-
DCs in HIV-1-positive individuals is low, probably 10- to 100-fold
lower than that of infected CD4 T cells (29). The reasons explain-
ing this moderate susceptibility are multiple and include low levels
of HIV receptors, a rapid and extensive degradation of internal-
ized HIV, and as demonstrated here, the presence of the restric-
tion factor SAMHD1, which may prevent HIV-1 cell-to-cell trans-
mission in vivo.

Why does HIV-1 not possess a protein with anti-SAMHD1
activity, in contrast to HIV-2 and SIV? HIV-1 encodes a reverse
transcriptase with a low Km (54) that binds to dNTPs with a par-
ticularly high affinity. This property contributes to the low levels
of reverse transcription in noncycling myeloid cells, in which
dNTPs are scarce (4, 11, 18). The HIV-2 reverse transcriptase
probably has a lower affinity for dNTPs (50), which may be detri-
mental for this virus in noncycling cells. It has been reported that

DCs are less susceptible to HIV-2 than to HIV-1, when the infec-
tion is performed with cell-free virions (55). It will be worth ex-
amining whether HIV-2 more efficiently infects MDDCs by cell-
to-cell transmission and, if so, to evaluate the impact of Vpx on
this phenomenon.

The lack of Vpx in HIV-1 has also been proposed to allow
avoiding an immune response in MDDCs (21). Indeed, MDDCs
infected with HIV-1 produced type I IFN and upregulated
CD86 only in the presence of Vpx (21, 23). Our results extend
these observations. We show here that in the absence of Vpx,
neither free virions nor HIV-1-infected cells trigger detectable
IFN release by MDDCs, although very modest effects can rarely
be observed in some donors. However, addition of VLPs pro-
moted sensing of HIV-1, assessed by measuring type I IFN
production and MxA expression. MxA is widely used as a sur-
rogate marker of IFN production (41). MxA is induced by type
I IFN and the closely related type III IFN but not by type II IFN.
It will be worth determining whether type III IFN and other
cytokines are also induced upon sensing of HIV-1 by MDDCs.
Interestingly, HIV-1-infected T cells are more potent inducers
of IFN than free virions (compare Fig. 3 and 4), in line with our
previous results obtained in other hematopoietic cell types
(peripheral blood mononuclear cells and pDCs) (36). Future

FIG 5 Effect of SAMHD1 silencing on cell-free HIV-1 infection and sensing by MDDCs. Levels of SAMHD1 in MDDCs transfected with siRNA against
SAMHD1 (si SAMHD1) or with a control siRNA (si CTR). (A) Analysis was performed by flow cytometry (top) and Western blotting (bottom). Actin staining
was used as a control of gel loading. (B) Effect of SAMHD1 silencing on MDDC sensitivity to lentiviral transduction. Control or SAMHD1-silenced MDDCs were
transduced with LV-GFPs (100 ng ml�1 of p24). Percentages of GFP-positive cells were measured 48 h later. (Left) Results of one representative experiment;
(right) the mean of the results obtained with five independent donors. (C) Effect of SAMHD1 silencing on infection and sensing of cell-free HIV-1 by MDDCs.
Control or SAMHD1-silenced MDDCs were infected with HIV(VSV) (100 ng ml�1 of p24). Levels of the interferon-stimulated protein MxA and Gag were
quantified by flow cytometry. Results of one representative experiment at 72 h are shown. The percentages of Gag- and MxA-positive cells are indicated in the dot
plots. (D) Compilation of the levels of Gag (left) and MxA (right) expression in MDDCs from five independent donors. Stainings were performed at either 72 or
96 h postinfection, depending on the donors. The HIV-1 inhibitor NVP was used when indicated. *, significant differences (P � 0.05, Wilcoxon matched-pairs
test).
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studies will help determine which viral or cellular components
allow potent sensing of infected cells.

The reverse transcriptase inhibitor NVP prevented MDDC re-
sponsiveness, indicating that incoming viral RNA is not sufficient
to induce IFN production. The integrase inhibitor raltegravir also
inhibited sensing of HIV-infected cells. This result suggested that
the response was triggered postintegration, consistent with the
findings of Manel et al. (21) and Sunseri et al. (23), obtained with
cell-free viral particles. This result also suggests that incomplete
reverse transcripts, which are known to trigger an inflammatory
response in CD4� T cells (56), are poorly sensed in MDDCs. It will
be worthwhile to test various viral mutants to further characterize
which steps of the viral life cycle, after reverse transcription and
integration, mediate the sensing of infection in MDDCs. In par-
ticular, when the infection is performed with cell-free HIV-1,
sensing involves binding of cyclophilin A to newly synthesized
Gag proteins (21). It is tempting to speculate that additional path-
ways of sensing may be triggered upon cell-to-cell contacts.

Silencing of SAMHD1 promoted HIV-1 recognition, demon-
strating that this restriction factor negatively regulates virus-in-
duced immune responses in MDDCs. In line with our data,
monocytes from individuals with Aicardi-Goutieres syndrome
are highly susceptible to HIV-1 and produce proinflammatory
cytokines upon infection (20). Therefore, the restriction of HIV-1
infection by SAMHD1 directly impacts the triggering of an innate
immune response in myeloid MDDCs. These cells have a central
role in linking innate and adaptive responses. The type of innate
stimuli impacts the outcome of the adaptive response, including
polarization of CD4� T cells, antibody shaping, and establishment
of memory (57, 58). Furthermore, HIV-1, by avoiding efficient
productive infection of MDDCs through preservation of
SAMHD1, may also control the array of presented or cross-pre-
sented viral antigens, resulting in qualitatively or quantitatively
different CD8� and CD4� responses (57, 59).

It is noticeable that there were some variations in the type I
IFN/MxA responses between donors, even though the levels of
virus infection showed less variation. We observed that there is a
significant correlation between the levels of Gag expression and
the percentage of MxA-positive cells (data not shown), and this
may explain why some donors elicited clear responses to infection,
whereas others did not. It is also likely that the extent of the innate
response may vary between individuals. It will be of interest to
analyze serial samples from the same donors, to determine if they
behave consistently.

In contrast to myeloid DCs, pDCs efficiently and rapidly detect
HIV-1, mainly through TLR7, leading to type I IFN secretion in-
dependently of productive infection (36, 60). It will be important
to study whether pDCs, which are noncycling cells, express
SAMHD1 and, if so, what are the possible effects on IFN produc-
tion. Various cell types with different mechanisms are thus in-
volved in the recognition of HIV-1 virions and infected cells.
Overall, our results show that in myeloid DCs, SAMHD1 controls
not only HIV-1 replication but also the immune response of the
host.
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FIG 6 Role of SAMHD1 during HIV-1 transmission from T cells to MDDCs. (A) Schematic representation of the experimental system. MDDCs were treated
with siRNA against SAMHD1 or with a control siRNA (si CTR) 48 h before the start of the coculture. MDDCs were then mixed with CMFDA-labeled
HIV-1-infected T cells (either MT4 or autologous CD4� T cells). MDDCs were analyzed for levels of Gag and MxA after 72 and 96 h of coculture. (B) Results of
one representative experiment of HIV-1-infected MT4 cells cocultured with MDDCs are shown. Numbers indicate the percentages of Gag- and MxA-expressing
cells in MDDCs at 72 h. (C) Compilation of the percentage of Gag (left) and MxA (right) in MDDCs cocultured with infected T cells (MT4 or autologous CD4�

T cells). The HIV-1 inhibitor NVP was used when indicated. *, significant differences (P � 0.05, Wilcoxon matched-pairs test) between SAMHD1- and
CTR-silenced MDDCs.
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